The mdx mouse, the most widely used animal model of Duchenne muscular dystrophy (DMD), develops a seriously impaired blood-brain barrier (BBB). As glucocorticoids are used clinically to delay the progression of DMD, we evaluated the effects of chronic treatment with a-methyl-prednisolone (PDN) on the expression of structural proteins and markers in the brain and skeletal muscle of the mdx mouse. We analyzed the immunocytochemical and biochemical expression of four BBB markers, including endothelial ZO-1 and occludin, desmin in pericytes, and glial fibrillary acidic protein (GFAP) in glial cells, and the expression of the short dystrophin isoform Dp 71, the dystrophin-associated proteins (DAPs), and aquaporin-4 (AQP4) and a-b dystroglycan (DG) in the brain. We evaluated the BBB integrity of mdx and PDN-treated mdx mice by means of intravascular injection of horseradish peroxidase (HRP). The expression of DAPs was also assessed in gastrocnemius muscles and correlated with utrophin expression, and laminin content was measured in the muscle and brain. PDN treatment induced a significant increase in the mRNA and protein content of the BBB markers; a reduction in the phosphorylation of occludin in the brain and of AQP4/b DG in both tissues; an increase of Dp71 protein content; and an increase of both mRNA and protein levels of the AQP4/a-b DG complex. The latter was associated with enhanced laminin and utrophin in the muscle. The HRP assay demonstrated functional restoration of the BBB in the PDN-treated mdx mice. Specifically, mdx mice showed extensive perivascular labeling due to escape of the marker, while HRP was exclusively intravascular in the PDN-treated mice and the controls. These data illustrate for the first time that PDN reverses the BBB alterations in the mdx mouse and re-establishes the proper expression and phosphorylation of b-DG in both the BBB and skeletal muscle. Further, PDN partially protects against muscle damage. The reduction in AQP4 and occludin phosphorylation, coupled with their anchoring to glial and endothelial membranes in PDN-treated mice, suggests that the drug may target the glial and endothelial cells. Our results suggest a novel mechanism for PDN action on cerebral and muscular function, restoring the link between DAPs and the extracellular matrix, most likely through protein kinase inactivation.
X-linked chromosome mutations that result in the absence of the dystrophin protein cause Duchenne muscular dystrophy (DMD) in humans and a dystrophic phenotype in animals, including the mdx mouse. 1, 2 DMD is characterized by progressive muscle weakness and wasting, and neural dysfunctions involving mental retardation and metabolic alterations have also been described. 3 The molecular mechanisms underlying dystrophic brain dysfunction in DMD have not been completely clarified. Dystrophin is an actin-binding protein, which links cortical actin of the myofibers to the sarcolemma by dystrophin-associated proteins (DAPs). [4] [5] [6] [7] Dystrophin has several truncated isoforms, including Dp260, Dp140, Dp116, and Dp71, as well as a full-length conformations (427 kDa), which have been demonstrated in the brain 8, 9 and in the astrocyte perivascular endfeet, 10 forming the glio-vascular units in the blood-brain barrier (BBB).
All of the dystrophin isoforms are less abundant in the central nervous system of both DMD patients 11 and the mdx mouse. 12 We previously demonstrated the dysfunction of the vascular compartment of the brain of the mdx mouse, which consists of brain edema, alterations of the BBB, decreased levels of the tight junction (TJ) -associated protein zonula occludens-1 (ZO-1), and decreased levels of the glial protein aquaporin-4 (AQP4). 13, 14 AQP4 has an important role in BBB function, modifying its expression and polarization when the BBB is damaged, inducing a consequent increase in vascular permeability and edema. [15] [16] [17] AQP4 is also a component of the DAPs complex; it is present in the glial endfeet along with short dystrophin Dp71, [18] [19] [20] [21] where it colocalizes with a-b-dystroglycan (DG) proteins, 22 which, in turn, are receptors for the basement membrane proteins laminin and agrin. [23] [24] [25] Moreover, a number of studies suggest that the degree of phosphorylation of DAPs components is very important in normal cellular function. Activation of protein kinase C (PKC) leads to AQP4 phosphorylation-regulated water permeability and cell invasion in glioma cells. 26 Also, b-DG undergoes phosphorylation in an adhesion-dependent manner in the skeletal muscle fibers; this is associated with enhanced-protein turnover by intracellular recycling. 27 DAPs and dystrophin proteins are absent or reduced in both the skeletal muscle and the brains of patients affected by DMD and in mdx mice. 13 We previously reported a deficiency in the dystrophin isoform (Dp71) in parallel with a reduction of DAPs components, such as a-b DG, a-syntrophin, AQP4, and Kir 4.1 in the mdx perivascular glial endfeet. 28 Moreover, we demonstrated that the mdx DAP deficiency correlated with loss in the anchoring of a-b DG to glial endfeet and with molecular alterations in the basement membrane. These results suggest that Dp71 and DAPs could be involved in the morphological and functional polarization of astrocytes in the BBB and that in the mdx brain, their deficiency, coupled with structural and molecular modifications of the basement membrane, could be responsible for the BBB alterations occurring in this pathological condition.
Glucocorticoids are the sole drugs used clinically to delay progression in DMD, improving strength and functional outcome, 29 but they have considerable side effects with chronic use. 30, 31 Their mechanism of action in dystrophic muscle is far from clear, but comprises a generalized stabilizing effect on myofibers and a reduction of necrosis, likely via their antiinflammatory action. [32] [33] [34] However, multiple additional mechanisms have been proposed. Accordingly, we have demonstrated in mdx mice that a-methyl-prednisolone (PDN) treatment lessens exercise-induced weakness in vivo and ameliorates the excitation-contraction coupling of isolated muscle. In parallel, PDN improves the histopathological profiles, reducing the markers of oxidative stress and upregulating utrophin, a surrogate of dystrophin. 35, 36 This latter effect of PDN likely occurs at translational level. 37 Therefore, the preclinical use of glucocorticoids can be used to determine their mechanisms of action, and can help in the development of strategies to potentiate therapeutic approaches to DMD. Because of the multiplicity of tissues targeted by glucocorticoids, other effects of the drugs cannot be ruled out; however, no data are available concerning the effects of corticosteroids on mdx mouse brain. In the clinical setting, glucocorticoids are used to reduce BBB permeability in many pathological conditions, highlighting the importance of a more detailed preclinical analysis of PDN action in dystrophic subjects. 38 In this study, we evaluated the effects of chronic treatment with PDN in both the brain and muscle of mdx mice, by analyzing the immunocytochemical and biochemical expression of four BBB markers, including ZO-1 and occludin in the endothelium, desmin in pericytes, and glial fibrillary acidic protein (GFAP) in glial cells, and the expression of the short dystrophin isoform Dp 71 and of the DAPs, AQP4, and a-b DG in the brain. We also evaluated the BBB integrity of the mdx and PDN-treated mdx mice by means of intravascular injection of horseradish peroxidase (HRP). The expression of the DAPs complex was also assessed in gastrocnemius muscles (GC) and correlated with utrophin and laminin content. The results provide the first evidence that PDN ameliorates brain vessels as well as muscles function of dystrophic mice by restoring the proper interactions between DAPs and the extracellular matrix, likely by protein kinase inactivation.
MATERIALS AND METHODS Animals
A total of 30 male mice, 15 mdx (C57BL/10ScSn mdx, Jackson Laboratory, Bar Harbor, ME, USA) and 15 control mice (C57BL/10ScSn) were used. Treatment with PDN started at 4-5 weeks of age; PDN was given by intraperitoneal injection at 1 mg/kg, 6 days a week, at a maximal injected volume of 0.1 ml/10 g of body weight. Drug administration was performed in parallel with a standard protocol of exercise Prednisolone in mdx mice R Tamma et al on a treadmill according to the standard operating procedure described elsewhere. 39, 40 The maintenance of a constant protocol of exercise and treatment was chosen in order to allow unbiased comparison of drug effects with those obtained in previous trials. 35 Control wild-type animals, age and gender-matched, underwent similar protocols and daily injection of vehicle (sterile water) as needed. Because of the well-described effect of exercise in the mdx phenotype, 36, 39 the use of a group of sedentary mdx mice or wild-type exercised mice was not considered informative for the purpose of the present study and was regarded as unethical. Every week the animals were monitored for body weight and forelimb force, as described in detail elsewhere. 35 The values at the fourth week were used for statistical analysis. The treatment lasted 4-8 weeks, and the age of the animals at the time of killing was 2-3 months.
Animals were killed by cervical dislocation or urethane overdose, based on the experimental need. Whole-brain, including cerebellum and GC, were removed, divided into two parts, and used in parallel for morphological and biochemical analysis. Extensor digitorum longus (EDL) muscles were removed and placed in muscle chambers for electrophysiological or contraction measurements. 41 Blood was obtained from the heart and plasma prepared for spectrophotometric determination of creatine kinase (CK) activity using a commercial kit (Sentinel, Farmalab, Italy). 36 This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Local Committee on the Ethics of Animal Experiments of the University of Bari. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
Antibodies
The following antibodies were used to detect specific water channel, DAPs, TJ, glial, and pericyte proteins: polyclonal rabbit anti-AQP4 antiserum (Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal mouse anti-a-DG (Chemicon International Inc., Temecula, CA, USA), monoclonal mouse anti-b DG (Novocastra, Newcastle, UK), monoclonal mouse anti-Dp71 (Mandra 1, Sigma-Aldrich, USA; Mandra 1 antibody strongly stains the full-length dystrophin in the muscle, whereas in the brain it recognizes only the 71-kDa protein as demonstrated in our previous study 20, 28 ), monoclonal mouse anti-desmin (Dako, Glostrup, Denmark), polyclonal rabbit anti-ZO-1 (Abcam, Cambridge, UK), polyclonal rabbit anti-occludin (Santa Cruz Biotechnology), polyclonal rabbit anti-GFAP (Immunostar Inc, Hudson, WI, USA), polyclonal rabbit anti-FVIII (Dako), monoclonal mouse anti-myosin (Sigma-Aldrich, St Louis, MO, USA), polyclonal goat anti-utrophin (Santa Cruz Biotechnology), and polyclonal rabbit anti-laminin (EuroDiagnostica, Malmö, Sweden). The antisera were used at a dilution of 1:100 with the exception of anti-Dp71 Mandra (1:20) , anti-occludin (1: 10), anti-GFAP (1: 1) and antiutrophin (1:35) . The secondary goat anti-mouse and antirabbit antibodies labeled with Alexa Fluor 488 and Alexa Fluor 555 dyes (Invitrogen, Carlsbad, CA, USA) diluted 1:300 were used. As controls, the primary antibody was omitted.
Fixation and Preparation of Tissue
Small pieces of parietal brain cortex and GC muscles were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for immunohistochemical investigation, immunofluorescence, and confocal laser microscopy. In addition, some small pieces of brain cortex were coated with OCT mounting media and frozen in isopentane cooled by liquid nitrogen for immunofluorescence and confocal laser microscopy.
Dual Immunofluorescence-Confocal Laser Scanning Microscopy Deparaffinized brain sections and cryosectioned samples 12 mm thick obtained from three mdx and three control brains were utilized. The sections were incubated for 30 min in a blocking buffer (phosphate-buffered saline (PBS), pH 7.4, 1% bovine serum albumin, and 2% fetal calf serum), and for antigen retrieval they were heated in a steamer citrate buffer, pH 6.0 for 4 min and coated in PBS buffer. The sections were then exposed to primary antibodies diluted in the same solution overnight at 4 1C. After washing in PBS the sections were incubated for 2 h with the secondary antibodies at room temperature and following washing they were incubated for 5 min with 0.01% TO-PRO-3 (Invitrogen) for nuclear staining, and mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA). The sections were examined under a Leica TCS SP2 (Leica, Wetzlar, Germany) confocal laser scanning microscope using Â 40 and Â 63 objective lenses with either 1 Â or 2 Â zoom factors. A sequential scan procedure was applied during image acquisition of the two fluorophores. Confocal images were taken at 200-nm intervals through the z axis of the section covering a total depth of 10 mm. Images from individual optical planes and multiple serial optical sections were analyzed, digitally recorded, and stored as TIFF files using Adobe Photoshop software (Adobe Systems Inc. San Jose, CA, USA).
ZO-1 Immunocytochemistry
Five-micrometer-thick histological sections collected on poly-L-lysine-coated slides (Sigma Chemical) were deparaffinized and stained with a three-layer avidin-biotin-immunoperoxidase system technique. The sections were rehydrated in a xylene-graded alcohol scale and then rinsed for 10 min in 0.1 M PBS. The sections were treated with 2.5% ficin (Sigma Chemical) in PBS for 5 min at 37 1C, and then exposed to polyclonal rabbit anti-ZO-1 diluted 1:30 in PBS overnight at 4 1C. After 3 Â 5 min washings in PBS, the sections were incubated with biotinylated swine anti-rabbit Ig (Multi-Link, Dako Corporation, Milan, Italy) diluted 1:150 in PBS 1 h at room temperature, and streptavidin-peroxidase conjugate (Dako Corporation) diluted 1:150 in PBS for 30 min at room temperature. Immunodetection was performed in distillated water with AEC substrate kit for peroxidase (Vector Laboratories) for 40 min at room temperature. Afterward, the sections were washed in the distillated water and counterstained with Gill's hematoxylin number 2 (Polysciences, Warrington, PA, USA), and mounted in buffered glycerin. Specific preimmune serum (Dako Corporation) replacing the primaries antibodies served as a negative control.
Morphometric Analysis of Occludin, Desmin, Laminin, GFAP, AQP4, a/b DG, and Dp71 Expression Morphometric analysis was performed on 10 fields for section over three sections for brain from at least three animals per experimental group, observed at Â 400 magnification by using an Image Analysis software (Olympus Italia, Rozzano, Italy). A total number of 80 vessels for each animal group was analyzed. Occludin, Desmin, Laminin, GFAP, AQP4, a/b DG, and Dp71-labeled areas were evaluated. The mean value in each image from the section, the final mean value for all the images and s.e.m. were calculated. The statistical significance of the differences between the mean values of the labeled area between wild-type, mdx, and PDN mdx-treated mice were determined by Student's t-test with GraphPad Prism 3.0 software (GraphPad software, La Jolla, CA, USA). The findings were considered significant at P-values o0.05.
HRP Assay
In a parallel experimental series, control, mdx, and PDNtreated mdx mice received an intracardial injection of HRP (0.3 mg Sigma type II HRP per gram body weight in 0.1 ml saline solution). After 5 min the mice were decapitated and the brains were fixed by immersion in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH ¼ 7.3) for 3 h at 4 1C, and then washed in the same buffer for 12 h. Sections of 50 mm were cut with a Vibratome and incubated for 30 min at room temperature in a 0.05% solution of 3.3 0 -diaminobenzidine in 0.05 M Tris-HCl buffer (pH ¼ 7.6) containing 0.01% H 2 O 2 . After incubation, some of the slices were dehydrated, mounted on slides and examined under SM Leitz Dialux 20 photomicroscope (Leitz, Wetzlar, Germany).
Real-Time PCR cDNA was amplified with SsoFast Evagreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and PCR amplification was performed using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). The expression of mRNA for occludin, a/b-DG, desmin, ZO-1, AQP4, GFAP, laminin and actin as housekeeping genes was evaluated by real-time PCR, and the samples were normalized to b-actin. The primer sequences (Operon Biotechnologies GmbH, Cologne, Germany) are reported in Table 1 . All experiments were performed with 60 1C as the annealing temperature. The amplification process included 40 cycles, each consisting of three steps: incubation at 95 1C for 30s; incubation at 95 1C for 5 s; and annealing and extension at 60 1C for 5 s. Therafter, the last cycle, the melting curves analysis, was performed at 65-95 1C interval by increasing the temperature by 0.5 1C. The fold change values were calculated according to the method of Pfaffl. 42 The plotted results were derived from three independent experiments performed in triplicate.
Western Blot
Brains of 10 mdx, 10 PDN-treated mdx, and 10 control mice were homogenized with a Polytron apparatus in a lysis buffer containing 20 mM Tris-HCl pH 7.5, 1% (v/v) Triton X-100, 1% (v/v) NP-40, 2 mM MgCl 2 , 5 mM EDTA, 150 mM NaCl, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM NaVO 4 , 10 mM NaF and protease inhibitors. After centrifugation at 1000 Â g for 10 min, the protein concentration of the supernatant was determined using the detergent-compatible Bio-Rad DC protein assay (Bio-Rad Laboratories). For immunoblotting, 30 mg per lane of protein extract was solubilized in Laemmli buffer, boiled at 90 1C for 5 min and resolved on a 7.5-12% polyacrylamide gel; thereafter, the proteins were electrotransferred to a nitrocellulose membrane (Amersham Bioscience, Buckinghamshire, UK). Blots were blocked with PBS blocking buffer containing 5% nonfat dry milk for 1 h and incubated overnight at 4 1C with the following primary antibodies: rabbit anti-AQP4 (Santa Cruz Biotechnology), rabbit anti-occludin (Santa Cruz Biotechnology), rabbit anti-ZO-1 (Abcam), mouse anti-a-DG (Santa Cruz Biotechnology), mouse anti-b-DG (Novocastra), mouse anti-phospho-b-DG (Abcam), polyclonal rabbit anti-laminin (Euro-Diagnostica), Table 1 Primer sequences for real-time PCR
Prednisolone in mdx mice R Tamma et al After the primary antibody treatment, the membranes were washed 4 Â for 5 min each at room temperature in PBS þ 0.1% Tween-20 before the addition of secondary antibodies. PBS and 0.1% Tween-20-diluted secondary antibodies (anti-mouse, rabbit, and goat) were IRDye labeled (680/ 800CW) (LI-COR Biosciences, Lincoln, NE, USA). For immunoblot analysis, the Li-cor Odyssey infrared imaging system was used (LI-COR). The western blot images were analyzed by imaging densitometry using Quantity One Software (Bio-Rad Laboratories), and expressed as optical density Â mm 2 . All the numeric data are conventionally expressed as percentage of protein expression respect to the actin (actin expression is considered as 100%). The images are representative of three independent experiments performed in triplicate.
Immunoprecipitation
For phospho-AQP4 (P-AQP4), phospho-occludin (P-occludin) and their unphosphorylated forms immunoprecipitation, 150 mg of protein extract from brains and muscles, 10 mdx, 10 PDN-treated mdx, and 10 control mice were solubilized in lysis buffer and incubated for 1 h in ice and shaking with 10 mg of polyclonal anti-P-ser antibody (Millipore). Then 20 ml of protein G-Sepharose (Amersham Bioscience) was added, and samples were incubated overnight at 4 1C on a roller for mixing, and the next day pelleted and twice washed with lysis buffer. Samples were centrifuged for 2 min at 13 000 r.p.m. and resuspended in Laemmli sample buffer, boiled for 5 min and separated on 10% SDS-polyacrylamide gels. They were then transferred to a nitrocellulose membrane, and immunoblotting was performed by blocking the membrane with 5% nonfat dry milk in TBST. P-AQP4/AQP4 and P-occludin/occludin were detected by blotting with anti-AQP4 antibody (Santa Cruz Biotechnology) diluted 1:500 and anti-occludin (Santa Cruz Biotechnology) diluted 1:500, respectively, followed by PBS and 0.1% Tween-20-diluted secondary antibodies (rabbit) IRDye labeled (680/ 800CW) (LI-COR Biosciences). For immunoblot analysis, the Li-cor Odyssey infrared imaging system was used (LI-COR).
Statistics
Results are given as mean ± s.e.m. Statistical analyses were performed by using Student's t-tests for significant differences at Po0.05.
Functional Recordings EDL muscles were removed intact tendon-to-tendon and placed in muscle baths containing oxygenated physiological solutions of standard composition. 36 The mechanical threshold was determined using a two microelectrode 'point' voltage clamp method. 36, 41 In brief, the two microelectrodes (spaced about 50 mm) were inserted into the central region of a superficial fiber and continuously viewed using a stereomicroscope ( Â 100 magnification). Depolarizing command pulses of duration ranging from 500 to 5 ms (0.3 Hz) were given from the holding potential (H) of 90 mV until visible contraction. The threshold membrane potential (V, in mV) was read on a digital sample-and-hold millivoltmeter for each fiber at the various pulse durations t (in ms); mean values at each t allowed the construction of a 'strengthduration' curve; fit of data points to a classical nonlinear least square algorithm allowed to calculate the rheobase voltage (R, in mV). 41 For contractile recordings, one tendon side of EDL was fixed to a force transducer (1N 300C-LR, Aurora Scientific Inc., Canada) and connected to interface and acquisition units (Dynamic Muscle Control Acquisition System vs 4.1.6, ASI), while the opposite site is fixed to a chamber hook. Electrical stimulation field was obtained via two axial platinum wires connected to a stimulator (LE 12406, 2Biological Instruments, VA, Italy). After equilibration, the preparation was stretched to its optimal length (L0) and tetanic contraction elicited with trains of 350 ms at increasing frequencies (10- Figure 1a , on confocal dual immunofluorescence, the control vessels revealed pointed occludin expression along the entire luminal side, which were enveloped by glial processes with intense GFAP staining (Figures 1a and 2a) . The mdx vessels were positive for occludin only along part of the luminal surface, with a linear fluorescence pattern expression ( Figure 1b) ; they were poorly enveloped by GFAP green fluorescence staining of glial processes (Figures 1b and 2b) .
After PDN treatment, the vessels displayed the characteristic punctuate occludin expression (Figure 1c) on the luminal side, and GFAP glial staining on the abluminal side (Figures 1c and 2c) . ZO-1 immunocytochemistry of the mdx brain demonstrated reduced ZO-1 labeling along the luminal vascular side (Figure 1e ) compared with controls ( Figure 1d ) and an increase in ZO-1 staining, but not ZO-1 membrane organization, after PDN treatment (Figure 1f) .
The morphometrical analysis revealed a significant increment of occludin (4.06%±0.12 vs 2.39%±0.17, Po0.05) and GFAP-labeled areas ( 9.67%±3.14 vs 3.98±2, Po0.05) in PDN-treated mice compared with mdx animals (Figure 1g ).
Western blot experiments were performed to compare the protein levels of occludin, ZO-1, and GFAP in the three experimental conditions. As shown in Figure 3a , occludin, ZO-1, and GFAP protein levels are reduced in mdx samples, but PDN treatment reinstated their expression. We also examined the phosporylation degree of occludin, which is involved in the BBB permeability, and found increased phosphorylation of occludin in mdx brains, but occludin phosphorylation was significantly decreased after PDN treatment (Figure 3b ). We performed parallel occludin immunoprecipitation, in which reduced occludin expression in mdx lysates and its recovery in PDN-treated samples were observed (Figure 3b) . We also analyzed the levels of mRNA 
Prednisolone in mdx mice
R Tamma et al for occludin, ZO-1, and GFAP. Mdx brains displayed reduced levels of occludin, ZO-1, and GFAP compared with the controls, while PDN treatment brought about a return to normal levels of these proteins (Figure 3c ).
PDN Restores Pericyte Desmin and Basement Membrane Laminin Expression in the Mdx Brain
Confocal dual immunofluorescence analysis revealed that in mdx mice, endothelial cells (red labeling) were poorly subtended by desmin (green fluorescence, Figure 4b) ; laminin expression was discontinuous (red fluorescence, Figure 4e) , and there were few labeled glial endfeet (Figure 2b ). In the PDN-treated mice, like the control animals, desmin staining was intense and pointed (green signal, Figures 4a and c) , and laminin uniformly and completely subtended the endothelial cells (red fluorescence Figures 4d and f) , and strongly labeled glial processes encircling the vessel wall (Figures 2a and c) .
The morphometrical analysis revealed a significant increase of desmin (3.06%±0.14 vs 0.92%±0.11, Po0.05) and laminin-labeled areas (4.91%±0.11 vs 2.53%±0.3, Po0.05 ) in PDN-treated mice compared with mdx mice (Figure 4g ). To evaluate the protein content and mRNA expression of pericyte desmin and basement membrane laminin in the mdx brain with or without PDN treatment and in healthy brains, we performed immunoblotting and real-time PCR experiments. The desmin and laminin protein expression was reduced in mdx brains, but increased after PDN treatment (Figure 5a ). In agreement with the previous data, mRNA analysis confirmed the recovery of gene expression in PDN/ mdx mice compared with the reduced levels in mdx samples (Figure 5b ).
PDN Restores Expression of
Glial DAPs AQP4, a-b DG and Dp71 Dystrophin in the Mdx Brain AQP4 and a-b DG were strongly expresssed in perivascular glial endfeet, colocalizing along the entire abluminal vascular side in the control mice (Figures 6a-c; Figures 7a-c) , while the expression of these proteins was reduced in the mdx vessels, with signal found only on the abluminal surface (Figures 6d-f; Figures 7d-f) . In parallel, AQP4 colocalized with Dp71 in the glial endfeet in the control vessels (Figures  8a-c) , while their expression was reduced, although localizing somewhat, in the mdx mice (Figure 8d-f) . After PDN treatment, AQP4, a/b-DG and Dp71 again showed intense vascular expression and colocalization along the vessels (Figures 6g-i; Figures 7g-i; Figures 8g-i) .
Morphometric analysis revealed a significant increase of AQP4 (8.63% ± 0.66 vs 3.06% ± 0. 16 (Figure 9a ).
Western blotting demonstrated that there were decreased protein levels of Dp71, a-b DG and AQP4 in the mdx brain, while PDN treatment induced incremental increases of Dp71 and b-DG, AQP4, and a-DG (Figure 9b ). Real-time PCR confirmed that there was a significant downregulation of AQP4 and a-b DG in the mdx brain, similar to the findings for protein levels (Figure 9b ). In contrast, PDN treatment resulted in gene expression profiles similar to those found in the controls (Figure 9c) .
Because AQP4 and b-DG phosphorylation regulates glial control of water flux important to BBB function, we assessed immunoprecipitates for the phosphorylated forms of AQP4 and b-DG. Immunoprecipitation of the phosphorylated form of AQP4 and total AQP4 indicated that its phosphorylation was increased in the mdx mouse, while PDN treatment caused a return to normal phosphorylation levels (Figure 9d) . Immunoprecipitation of total AQP4 revealed reduced expression in mdx mice after PDN treatment (Figure 9d ), and western blotting showed an increase in the phosphorylated form of b-DG in mdx mice, which returned to normal levels in mdx/PDN brains (Figure 9e ).
PDN Restores BBB Functionality in the Mdx Brain
As previously demonstrated 14 , the BBB of the mdx brain showed remarkable permeability. After HRP injection, numerous and extensive perivascular areas of HRP escape were observed in the mdx brain (Figure 10b ), whereas after PDN treatment, the vascular permeability was reduced and the marker was exclusively located in the vessel lumen (Figure 10c) , as in the control brain (Figure 10a ). Figure 11g for AQP4), but the mdx fibers were either faintly labeled or negative (Figures 11b, e and h ). PDN treatment reestablished AQP4 and a-b DG sarcolemmal staining ( Figures  11c, f and i) . Confocal immunofluorescence of mdx GC muscle exhibited faint and discontinuous expression of laminin around the sarcolemma of myofibers (Figure 12b ), while control animals exhibited intense fluorescence (Figure 12a) . Interestingly, PDN-treated mice showed a strong laminin expression around the myofibers, similar to controls (Figure 12c) .
The mdx myofibers showed faint and discontinuous utrophin staining of the sarcolemma (Figure 13b) , while in the control animals, light membrane utrophin expression was recognizable (Figure 13a ). PDN treatment led to a marked sarcolemmal expression of utrophin (Figure 13c) .
Real-time PCR demonstrated a significant downregulation of AQP4 and a-b DG mRNAs in mdx muscular fibers. PDN treatment re-established the gene expression at control levels ( Figure 14a) . Interestingly, we found that, as in brain, in the CG muscles the P-AQP4 and phosho-b-DG levels were increased in the mdx mice, and that PDN treatment markedly reduced their phoshorylation (Figures 14b and c) . The immunoprecipitation of total AQP4 (Figure 14b ) reveals that the same trend was observed in the GC (Figure 14a ) and in the brain (Figure 9c ). It was therefore important to determine whether the structural changes observed in the muscles of the PDN-treated mdx mice exhibited in vivo and ex vivo markers of muscle pathology and sarcolemmal stability.
In line with previous observations, 36,39 PDN-treated mdx mice showed stronger forelimb force when compared with untreated counterparts. Ex vivo, a partial but significant increase in the tetanic force of EDL muscle was observed; this novel effect paralleled the already described amelioration of the rheobase voltage for muscle contraction (Table 2) . Importantly, we also monitored, for the first time, the impact of PDN treatment on force loss during lengthening contraction, an index of sarcolemma fragility, along with the classical parameter, levels of plasma CK. Neither eccentric contraction nor CK was ameliorated by the PDN treatment. Thus, in spite of the decrease in the signs of degeneration, and a parallel improvement of muscle performance, there was limited effect on sarcolemmal stability. 36 
DISCUSSION
Glucocorticoids are clinically used in DMD patients, although the mechanisms underlying its efficacy are little understood. The functional amelioration observed in both patients and mdx mice is likely the result of drug action on different pathways, including inflammation and oxidative stress, 36,43,44 fiber regeneration and differentiation, 45, 46 and reduction of necrosis with parallel amelioration of calcium homeostasis. 36, 47 There is little evidence available in dystrophic patients about the possible impact of corticosteroids on the brain.
This study is the first parallel evaluation of the effect of PDN on both the brain and muscle of the dystrophic mdx mouse, disclosing the drug's ability to similarly modulate the expression of key components of the dystrophinglycoprotein complex in the two organs.
In the brain we have demonstrated that PDN treatment leads to a significant increase of mRNA and protein content of BBB markers, and a reduction of the degree of phosphorylation of occludin, AQP4, and b-DG. These changes paralleled an increase of protein levels of Dp 71, and mRNA and protein levels of the AQP4/a-b DG complex, which restored the functional relationship between the glial intracellular cytoskeleton and the extracellular matrix.
Moreover, we found that the reestablishment of the BBB marker and DAP proteins in the PDN-treated mdx mice Prednisolone in mdx mice R Tamma et al correlated with the restoration of BBB functionality. In contrast to mdx brains, which exhibited perivascular HRP escape with significant vascular permeability and altered marker localization, the vessel lumina of the PDN-treated mdx mice looked like the controls.
Interendothelial TJs, pericytes and perivascular glial endfeet forming the glio-vascular units are responsible for the integrity of the BBB. 48 The main molecular components of the TJs are transmembrane proteins, as occludin and claudins link to adaptor cytoplasmic proteins such as ZO-1. [49] [50] [51] For both occludin and ZO-1, phosphorylation levels help regulate barrier permeability, [52] [53] [54] and increased paracellular permeability associated with the tyrosine phosphorylation, and dissociation of occludin and ZO-1 from the cytoskeleton can be caused by oxidative stress. 55 Furthermore, vascular endothelial growth factor (VEGF) can increase intercellular permeability by enhancing ZO-1 and occludin phosphorylation, causing displacement and the reduction of ZO-1 expression, 56, 57 corroborating the role of a tyrosine kinasedependent mechanism for the association of the junctional complex to cytoskeleton. Accordingly, in the brain of mdx mice, some vascular permeability is recognizable due to alteration of TJs, such as the detachment of their external leaflet membrane, altered expression of claudin-1 and ZO-1, and increased phosphorylation of ZO-1. 14, 58 In this study, we found that all these changes are targeted by the PDN treatment, which restores the morphological banded expression of both ZO-1 and occludin, presumably due to an increase in their mRNA levels and a reduction of the degree of phosphorylation of occludin.
It is well accepted that glucocorticoids reinforce the TJs and increase the barrier properties of brain capillary endothelial cells by enhancement of ZO-1 and occludin. In fact, binding of the activated glucocorticoid receptor to putative glucocorticoid-responsive elements in the occludin promoter has been described. 38, 59, 60 Dexamethasone prevents alteration of TJ-associated proteins in bacterially infected epithelial choroidal cells by restoring the occludin phosphorylation degree via attenuation of ERK activation and MMP-3 expression. 61 It is noteworthy that the inhibition of the ERK pathways blocks the production of MMPs, which in Prednisolone in mdx mice R Tamma et al turn cleave occludin in the epithelial cells after induced apoptosis. 62 Moreover, glucocorticoids protect the distribution and expression of ZO-1 and actin induced by hypoxia, 63 and prevent the cytokine-induced expression of matrix metalloproteinase-9 (MMP-9) and ZO-1 alteration. 28 Furthermore, they induce downregulation of VEGF and decrease occludin phosporylation in blood-retinal barrier by reducing PKC 64 activation. 64, 65 We previously reported that in mdx mice, VEGF overexpression induced by hypoxia inducible factor-1a (HIF-1a) activation, coupled with MMP-2 and -9, activates secretion and upregulates ZO-1 phosphorylation. 58 Overall, our results suggest that the PDN could restore ZO-1 and occludin TJ expression in the dystrophic brain by acting directly, or indirectly, via VEGF and MMPs blocking protein kinase activation of ZO-1 and occludin.
Another effect of PDN treatment in the brain of the mdx mouse is the re-expression of pericyte marker desmin and the glial marker GFAP, both of which were downregulated in mdx mice. 12, 14 It was noted that astrocytes and pericytes interact with the endothelial cells in maintaining the vessel's barrier features and junctional tightness. 66 Pericytes express glucocorticoid receptors, 67 and glucorticoids are able to upregulate occludin, claudin-5, and ZO-1 in cultured endothelial cells, but only in the presence of astrocytes and pericytes. Because of this finding, our results suggest a role for these two types of cells in glucorticoid responsiveness in the brain. 60 AQP4 is important for the integrity of BBB function, and its expression on the perivascular glial endfeet is altered in pathological brain conditions. [68] [69] [70] AQP4 is dynamically regulated in different ways. Phosphorylation decreases permeability when phosphorylation occurs at Ser180, 26, 71 but in contrast, phosphorylation increases permeability when Ser111 is phosphorylated by PKG. 72 It is thought that Ser180, a consensus site for PKC, is localized in a cytosolic loop of AQP4, and is a target residue for PKC-mediated phosphorylation of AQP4. There is no evidence of a direct Prednisolone in mdx mice R Tamma et al phosphorylation of AQP4 by PKC in primary cultured astrocytes, although endogenous mouse AQP4 is constitutively phosphorylated. 73, 74 Our experiments reveal that the PDN treatment restores the normal level of both AQP4 content and its phosphorylated form, while the pathological condition is characterized by an increase in AQP4 phosphorylation and low protein levels. These data suggest the effects of PDN in BBB repair may be mediated by a reduction in AQP4 phosphorylation, which in turn allows its correct anchoring on the glial membrane, restoring a normal flux.
Finally, we have demonstrated that PDN treatment can induce restoration of the DAPs a-b DG and normalize b-DG phosporylation and Dp71 expression on glial endfeet, all of which are profoundly altered in the mdx brain. We also noted the translocation of a-b DG in the glial cytoplasmic endfeet, coupled with a significant reduction of laminin and DAPs, such as AQP4, Kir 4.1, syntrophin, and Dp 71. 68 AQP4 is connected to the short dystrophin Dp71, 18 and is coexpressed with a-b DG proteins 22 , which in turn are receptors for the basement membrane laminin and agrin. 75 In the retina of Dp71 null mice, AQP4 was reduced 76 , and glial AQP4 and Dp71 decreased in parallel during mdx BBB development. 12 Moreover, the phosphorylation of b-DG was involved in the adhesion in skeletal muscle fibers 27 and DGs were downregulated in the muscle fibers and brains of DMD patients and mdx mice. [77] [78] [79] In addition, altered a-DG glycosylation, and aberrant AQP4 and potassium channel Kir 4.1 location in perivascular domains have been reported in an animal model of dystroglycanopathies, 80 supporting the role of a correct link between the extracellular matrix and DAPs in the clustering of the channel proteins.
Furthermore, in our study we have detected a different pattern between the a-DG gene expression and its protein level in the mdx mice, and we found that PDN treatment Values are means ± s.e.m. from the number of animals in parentheses. Experimental groups of mice are as follows: wild type (WT), exercised mdx mice treated with vehicle (sterile water; vehicle), and exercised mdx mice treated with PDN 1 mg/kg (PDN). The in vivo parameters, measured after 4 weeks of exercise and treatment, are the following: BW, body weight (in g); Fmax, maximal forelimb strength (in kg); and FNmax, the normalized forelimb strength calculated for each mouse by normalizing Fmax for body weight. Ex vivo parameters included functional recordings on extensor digitorum longus (EDL) muscle. For contraction measurement the maximal isometric tetanic force (pP0 in kN/m 2 ) and the percentage of force drop during eccentric contraction, measured at the 5th pulse train vs the first one are shown. For the electrophysiological experiments, it is shown the rheobase voltage ie the membrane voltage at, which contraction occurs independently on depolarizing pulse duration (in mV). As biochemical index plasma creatine kinase activity (CK in U/l) has been measured by standard spectrophotometric analysis. A statistical difference by ANOVA test was found for BW (F46; Po0.009), Fmax (F425; Po3.9 Â 10 À 6 ), FNmax (F417; Po4.6 Â 10 Significantly different with respect to vehicle-treated mdx mice: 0.05oPo0.02. Statistical significance for fitted rheobase voltage has been calculated on number of fibers determining the fit as described elsewhere. 11 induced a total recovery of a-DG mRNA increment, but a partial recovery of the functional protein level. Many posttranslational modifications of newly synthesized a-DG have been described, including glycosylation, 81, 82 and the glucocorticoids are known to modulate the glycosylation of many proteins. 83 Our results suggest that the a-DG alteration in mdx animals may involve post-translational events rather than gene expression.
Overall, these data indicate that PDN reverses the BBB alterations found in mdx mice. The reduction in AQP4 and occludin phosphorylation, coupled with their anchoring to glial and endothelial membranes in the PDN-treated mice, suggests that the glial and endothelial cells may be the targets of the drug in the brain. Finally, the enhanced expression of AQP4 and a-b DG in the brain, coupled with an increase in laminin and reduced phosphorylation b-DG, suggest that PDN might ameliorate the cerebral pathology in the mdx mouse, restoring the correct interactions between DAP proteins and the extracellular matrix through protein kinase modulation.
It is noteworthy that PDN exerted similar effects in muscle, leading to a marked increase in a-b DG, AQP4, laminin, and utrophin. The ability of PDN to upregulate utrophin is well known; the underlying mechanism involves both enhanced NF-AT transcription and translation. 27, 84 Utrophin might act as a surrogate for dystrophin and associate with b-DG to rescue the complex. 84 A critical tyrosine residue of b-DG is exposed in the absence of dystrophin, and the consequent phosphorylation contributes to internalization and ubiquitin -related degradation of b-DG. Nonetheless, bortezomib, a proteasome inhibitor, has been found to increase the expression of dystrophin-glycoprotein complex in muscles of mdx mice and in DMD biopsies. 27, 85 Mutation of the critical tyrosine residue also leads to enhanced expression of sarcolemmal b-DG; 27 perhaps the utrophin-b-DG association masks the tyrosine, thus reducing its phosphorylation and consequent b-DG degradation. The stabilization of b-DG may salvage the complex and anchor AQP4 to laminin at the extracellular matrix. Other mechanisms cannot be ruled out, but more detailed analysis is necessary concerning the possible effect of PDN on other pathways.
However, the functional outcome of the above-described amelioration, at least at skeletal muscle level, is not clear. The fact that the association of utrophin, a-b DG, and laminin does not stabilize sarcolemma is puzzling, although it is consistent with previous studies; PDN treatment does not reduce the high plasma level of CK, a marker of leaky sarcolemma. However, we present the novel result that PDN does not prevent force drop during lengthening contraction. However, the PDN treatment does lead to the amelioration of other anomalies, in line with previous studies. 36, 39 The partial protection offered by PDN may be related to its wide pharmacological effects. We cannot rule out the theory that in skeletal muscle, the replacement of dystrophin with utrophin leads to a different quaternary structure and function from those in the brain. It is also known that a large amount of utrophin needs to be expressed in order to have a significant effect, an observation that needs to be taken into account when looking for a correlation between structural and functional outcome. 78 In conclusion, these results allow us to gain insight into the mechanism by which PDN acts on dystrophin-deficient muscle and brain, providing new information towards the understanding of its clinical efficacy and for the identification of novel drug targets for DMD.
